Abstract
Introduction

28
Emulsions are prepared and used currently in many applications. They are used as templates for 29 the synthesis of porous materials [1] [2] [3] [4] [5] [6] . A specific, monodisperse and known pore size is 30 usually desired. It is thus essential to monitor and predict the emulsion properties such as 31 droplet size and size distribution, as they determine the pore or particle size and specific surface 32 area of the product. Emulsion preparation is delicate, since a small variation in the procedure 33 can change the final result. In this study, we work with highly concentrated water-in-oil (w/o) 34 emulsions -used as a template for preparing hollow silica spheres -to determine how the 35 process variables and, more importantly, the preparation scale, influence the final product. We 36 performed a scale-up study using three scales with geometric similarity, and a scale ratio of 37 1:2:4. The largest tank we used has a capacity of 6 L. 38
Emulsions are characterized, once the dispersed phase is set, by their droplet size and droplet 39 size distribution. In a previous study [7] , we examined the influence of the process variables on 40 these parameters. We concluded that they were mainly influenced by the stirring rate and the 41 surfactant concentration. We also studied the scale-up effect, but using only two different scales 42
(1:2). Droplet size was measured by optical microscopy. 43
Another interesting feature of these emulsions is their rheological behavior. Many studies deal 44 with the rheological properties of highly concentrated emulsions [8] [9] [10] [11] [12] [13] [14] , also called gel-45
emulsions [15] [16] [17] , since they possess distinct flow behavior: they have a high yield stress  0 , 46 are highly elastic (G' >> G'') and they have high viscosity , which decreases with shear rate 47 
70
The w/o emulsions were prepared following a two-step batch method: addition of dispersed 71 phase and droplet breakup, followed by emulsion homogenization. The continuous phase is 72 prepared beforehand by weighing, mixing and introducing into the vessel, which is already at 73 the desired temperature, a certain amount of surfactant and oil. The impeller is placed slightly 74 above the continuous phase in order to start the emulsification as soon as the dispersed phase is 75 transferred to the vessel. While the dispersed phase is being added, the stirrer produces enough 76 shear stress to break up the droplets and form the emulsion. Once all the dispersed phase has 77 been added, the emulsion is stirred at the same rate for a further 5 minutes in order to 78 homogenize the emulsion and ensure the incorporation of all the dispersed phase. The dispersed 79 phase is added through a peristaltic pump (ISMATEC Reglo used in small scale and ISMATEC 80 MCP used in both medium and large scales) to regulate the flow rate. A thermostatic bath 81 (HAAKE F6-C35 used in both small and large scale; HUBER Ministat 230, in medium scale) 82 regulates the temperature of the refrigeration fluid (mixture of Milli-Q water and ethylene 83 glycol) at 25 ºC. The digital laboratory stirrer IKA Eurostar power control-visc sets the stirring 84 rate. 85
The characteristic dimensions of the three scales are shown in Table 1 . The linear geometric 86 relation between the three scales is 1:2:4 for both the vessel diameter (B) and height (H). 87
However, for the impeller diameter (D), the impeller blades of the larger scale had to be 88 shortened to prevent the friction of the metallic blades on the vessel glass walls, caused by the 89 increased vibration of the system when working at high stirring rates. Although we do notbelieve that this change significantly alters the results or conclusions, this change should be 91 taken into consideration in the assessment of possible errors and deviations, since variations in 92 the impeller design or diameter can cause significant differences in power consumption or flow 93 patterns [20, 21] . 94 
96
The stirring rate N (rpm) and the addition flow rate Q (mL/min) are fixed according to the 97 experimentation plan. The torque T supplied by the agitator was measured along all the process 98 duration. The data were collected in LabWorldSoft (IKA) software. 99
Characterization of the emulsions 100
Rheological parameters 101
The rheological tests were performed in a HAAKE Mars III Rheometer (Thermo Fisher 102 Scientifics) and data were collected in HAAKE RheoWin Job Manager and were visualized and 103 saved in HAAKE RheoWin Data Manager. A 35 mm serrated plate-plate geometry to avoid 104 slippage of the emulsion and with a gap of 0.5 mm was used. All the tests were performed at 105 25 ºC (regulated by HAAKE C25-F6 thermostatic bath). Modern rheometers can work in two 106 test modes, controlled stress (CS), in which a controlled stress input  is provided and the 107 resulting shear rate  is measured or, on the other hand, controlled shear rate (CR), where the 108 rheometer provides a controlled shear rate input and the consequent shear stress is determined. 109
The suitability of each mode depends on the test, as shown in 
Notation: shear rate ( ), storage modulus (G'), loss modulus (G''), viscosity (), shear stress (), oscillating frequency (), yield 118 stress (0), critical stress (c).
119
The choice of the response variables is based on the rheological behavior of these emulsions. 120
They behave like non-Newtonian plastic fluids, so they undergo creep flow up to a certain value 121 of stress, the yield stress  0 , from which the emulsions flow. With the steady shear test this value 122 is obtained from the shear rate versus shear stress log-log plot as the inflection point in which a 123 large increase in shear rate is observed when varying the shear stress, as also described in other 124 studies [10, 22] . Specifically, the yield stress is taken from the intersection point of these two 125 segments (Fig. 9 ). This steep change in the shear rate value represents the transition from the 126 elastic linear regime to the viscous regime, but could also indicate fracturing of the emulsion 127 structure. Regarding the viscosity, as the emulsions exhibit shear thinning, the viscosity at a 128 shear rate of 1 s -1 is taken for comparison between samples and scales. In the LAOS test, G'' max 129 and  c are taken, since they also represent the transition from the elastic to the viscous domain. 130
Finally, as these emulsions are highly elastic, the storage modulus (G') does not vary 131 significantly with frequency in the LVR, so an average value can be obtained, which is used to 132 compare the solid-like behavior of the different emulsions prepared. 133 
162
The procedure to obtain the empirical models is described in our previous study. Basically The three simple designs can be observed as green lines in Fig. 2 -a for small scale and Fig. 2-b  182 for medium scale. Only in the conditions of block (1) were experiments from the CCD 183 performed. In blocks (2) and (3) the validation experiments were compared directly with the 184 model, since no CCD experiments were performed in those conditions, as observed in the 185 corresponding plots. 186
The empirical models obtained from the CCD experiments were used to obtain a first 187 approximation of the scale invariants, which was then completed by adding the validation 188 experiments. Next, some experiments at the large scale were carried out and were used, together 189 with all the other experiments, to obtain a general power law exponent, as we will see in further 190 90 N·cm, so when the torque required to stir the emulsion was higher, the stirring rate was 204 reduced automatically. In fact, in experiment #4, at 788 rpm, after 3.75 min, the torque reached 205 its maximum value and immediately after, the N decreased sharply, while the torque remained at 206 80 N·cm during the rest of the experiment. This experiment is not taken into account for the 207 scale-up model but is useful to show here. 208 Table 4 . Experiments performed at large scale. The empirical models include the significant factors that have an influence on each emulsion 223 feature, which are the ones whose p-value is less than 0.05, indicating that they are significantly 224 different from zero at the 95 % confidence level ( Fig. 3-4 show an example for G'' max at both 225 scales). From the models, the response surfaces are obtained (e.g. Figs yield stress is higher than 50 Pa, but a stirring rate higher than 1000 rpm at small scale is needed 232 to obtain the same value. This indicates that these factors are not the proper scale invariants of 233 the process, and that a scale invariant which leads to a higher stirring rate at the small scale is 234 needed, in order to obtain the same final product in all the preparation scales. The rest of the 235
Pareto charts and response surfaces can be found in the supplementary data (SD). 236 
Effect of stirring rate 243
According to the statistical analysis, the factor with the greatest influence on the rheological 244 parameters in the range studied is the stirring rate. In all the Pareto charts, this is the first factor 245 to appear. The influence of this factor appears to be lineal in the experiments at small scale, 246 whereas it has a quadratic effect on the experiments at medium scale. Its effect is positive for all 247 the rheological parameters: the higher the stirring rate, the higher the values of the parameters 248 (e.g. Figs. 5-8 ). The effect of the stirring rate N on the emulsion rheological behavior is due to 249 the increase of the energy input, which leads to an increased droplet breakup, which involves 250 the formation of smaller emulsion drops. This stored energy is translated into a more elastic 251 behavior of the emulsion. This is reflected on the increase of the yield stress τ 0 , as observed in 252
Figs. 7 and 8 and also in to 1600 rpm at the medium scale (at fixed S/O = 0.267 and t = 5 min (Fig. 12)) . 257 
Effect of surfactant-to-oil ratio 261
The second factor that has an influence is the surfactant concentration, in terms of surfactant-to-262 oil ratio S/O. This term appears in every empirical model and has a positive effect. An increase 263 of the surfactant concentration S/O in the emulsion produces a stronger solid-like behavior. As 264 explained in [7] , the more surfactant, the more interfacial area can be stabilized and the longer 265 
Effect of addition time 270
The dispersed phase addition flow rate Q, or addition time t, has less influence on the emulsion 271 properties than the stirring rate N and the surfactant-to-oil ratio S/O. However, this factor has a 272 slight influence on the rheological parameters, especially at short times. Although the difference 273 in the rheological parameters at the lowest and highest level of the time range tested is small, 274 focusing on the yield stress τ 0 and on the critical yield stress τ c , their values are lower at high 275 addition flow rate Q (low addition time t) (e.g. Fig. 11 ). This is because a decrease in the 276 addition time decreases the elastic behavior of the emulsion, since there is less time to break up 277 the droplets and. Hence, they occupy larger domains and have less elastic energy stored. When 278 the energy input (stirring rate N) is constant, if the addition flow rate is less (addition time t 279 high), the ratio between energy used to disperse the water and the amount of water is higher, so 280 the droplets of the dispersed phase are finer because more energy can be used to break up the 281 large droplets added. Therefore, increasing the addition flow rate Q or reducing the addition 282 time t implies a slightly decrease of the solid-like behavior of the emulsion. For example, at 283 small scale, below Q = 10 mL/min, the properties of the emulsion do not differ significantly 284 with the variation of the addition flow rate, but at higher Q, the properties slightly change, albeit 285 less so than with the stirring rate or concentration of surfactant. 286
Validation of the models 287
The validation of the models and the verification of the parameters influence on the emulsion 288 properties is carried out at both scales (small and medium) following simple designs, varying 289 one variable and maintaining the other two constant (blocks 1, 2 and 3), and performing from 5 290 to 7 experiments in each case. seem to fit the model at low-medium stirring rates, when varying this variable (Fig. 10) . The 296 storage (Fig. 12) are also lower than expected (Fig. 13) . 302
A possible explanation of the discrepancy between the model predicted values and the 303 experimental data is the fact that the validation experiments were performed in some regions 304 where no experimental points were done previously. CCD experiments were performed in the 305 validation simple design only when the stirring rate is varied (Fig. 2) . When varying the S/O and 306 Q, although the values are in the range studied, there are no experiments in that region. This 307 may explain why the validation of the model when varying the stirring rate is better than when 308 varying the other two variables, since the empirical model was obtained, in this latter case, from 309 experiments in other regions. Nevertheless, the behavior of the rheological parameters and the 310 variation with the factors is the same, although the values are lower than the predictions. The values from each model were obtained fixing a significant number of levels of N (included 341 in the experimental range) and then  was optimized by maximizing the correlation coefficient 342 of all them to the linear equation presented previously. The results are shown in Table 7 and the 343 regression coefficients in the SD. Each rheological parameter has a different power law 344 exponent α. However, as the behavior of the emulsions is defined by all the parameters, a 345 general power law exponent α defined from the five rheological parameters is found by 346 maximizing the sum of the correlation coefficients. In Table 7 , first the exponent for each of the 347 five rheological parameters chosen is shown, and in the last column, the exponent obtained from 348 all the rheological parameters together. These values are in the range from 0.55 to 0.71, so they 349 agree with [7] , in which we obtained the scale invariant from the droplet size models, and found 350 that it approached 0.5 for small stirring rates N. In that previous study, it was observed that  351 approached zero when N was very high, but in this study we have focused on values below 352 N = 1050 rpm, due to the experimental equipment limitation. 353 Table 7 . Power law exponent  from general models at small and medium scale. 
Scale invariants at three scales
Lineal scale-up models at fixed conditions using the validation experimental 355 values at small, medium and large scales 356
The experiments performed for the model validation were also used to determine the power law 357 exponent . This was done using the same method as in the previous part, where we obtained it 358 from the empirical models derived from the CCD experiments. In this case, though, the 359 regression was done with experiments on the three scales: small, medium and large. Table 8  360 shows the power law exponents obtained and in the SD the model parameters and regression 361 coefficients are found for every condition and parameter. The power law exponent is foundbetween 0.32 and 0.75 and when calculating it from all the variables together, the values are 363 between 0.49 and 0.62, with an average value of 0.55 ± 0.07. 364 
366
Comparing the values obtained from the empirical models at each scale (Table 7) with those 367 obtained from the validation experimental points (Table 8) In the CCD, the experiments are performed at different factor levels, so there are not many 377 experiments at the same conditions of S/O and t: taking into account the experiments at small 378 and medium scale, there are three experiments at conditions #1, only one experiment at 379 conditions #2, and none at conditions #3. Hence, there are probably a low number of 380 experiments at the same experimental conditions to obtain a reliable power law exponent as 381 described here. Also, we must not forget that it is obtained from the empirical models. Hence, 382 performing more experiments is necessary to ensure the validity of the scale-up invariants. This 383 is why the validation experiments, as they are performed only varying one variable at a time,can be used to obtain the power law exponents at some fixed conditions with probably more 385 reliability than the power law exponents obtained from the empirical models of the CCD 386 experiments. 387
Specific and global models from all the validation experiments 388
Once these models are obtained and the similarity among power law exponents  at different 389 conditions is corroborated, it seems possible to obtain a scale-up model which includes all of the 390 validation experiments and define the value of any rheological parameter as a function of the 391 three scale invariants: surfactant concentration S/O, addition time t (min) and ND α (as a factor 392 which includes the stirring rate N, impeller diameter D -scale-and the power law exponent ). 393
The exponent  will be optimized in order to obtain the maximum correlation coefficient (the 394 procedure is the same as explained previously). 395 Table 9 shows the specific  for each rheological parameter and a global  which is found from 396 the maximization of the sum of correlation coefficients for each rheological parameter. A value 397 of 0.63 is obtained in this case. In the SD, the coefficients for the model parameters and the 398 regression coefficients of the models when applying the specific or the global power law 399 exponent are shown. 400 Table 9 . The power law exponent α which defines the whole experimental system. 
459
If we take the value of  = 0.65 and apply it to the emulsion change in BS after 30 min (Fig. 20-460 a) and 24 hours (Fig. 20-b) of preparation, we can observe that, despite the dispersion in the 461 values at 24 hours, there is not an appreciable difference between the stability comparing the 462 three scales. The values agree with the model at ND 0.65 , so the emulsions formed are similar at 463 all three scales and have the same stability. Also, the emulsions prepared at a higher stirring rate 464 are more stable, as observed in [7] . 465 In this study emulsions are formed by continuously adding the dispersed phase to the 496 continuous phase, so the emulsion volume V increases over time until all the dispersed phase is 497 added. On the other hand, torque  profiles obtained during the process show that this value 498 increases while the dispersed phase is being added, since the more fluid volume, and the more 499 viscous it is, the more energy input the stirrer has to provide to maintain the fixed stirring rate. 500 P/V is not constant over time, since the increase in volume is much more important than the 501 increase in torque (Fig. 21) . Hence, the interpretation of the power law exponent physical 502 meaning is not obvious, since P/V cannot be calculated from the beginning neither it cannot be 503 fixed as a scale invariant before experimentation. 504 
Conclusions
505
In the first part of this study, highly concentrated w/o emulsions were prepared following 506 central composite designs at two different scales. We identified the factors that significantly 507 affect the rheological parameters of the emulsions. We then constructed empirical models, from 508 which we represented the response surfaces to visualize the variation of each rheological 509 parameter with the process variables. In addition, we validated the models by performing 510 additional experiments following simple designs. Although most of the rheological parameters 511 followed the same behavior as the model predictions, since the models were obtained from a 512 limited number of experiments, they showed limited ability in predicting output parameters, 513 even within the range of factors studied. 514
Our main goal was to identify the process conditions that have to be kept constant at several 515 scales to obtain highly concentrated emulsions with similar properties We conclude, first, that a 516 methodology of scaling up can be deduced, based on maximizing the regression coefficient of 517 different experimental data sets to obtain the missing parameters. 518 Secondly, in vessels of different size with geometric similarity, once the dispersed phase 519 volume fraction, the surfactant concentration and the addition time of dispersed phase are fixed, 520 the unknown variable is the stirring rate at each scale. The stirring rate has the greatest influence 521 on the emulsion features, and it also depends on the production scale. For the preparation of 522 highly concentrated w/o emulsions, the scale invariant related to the stirring rate and scale has 523 the form ND 
